Autophagic and endocytic pathways are tightly regulated membrane rearrangement processes that are crucial for homeostasis, development and disease. Autophagic cargo is delivered from autophagosomes to lysosomes for degradation through a complex process that topologically resembles endosomal maturation. Here, we report that a Beclin1-binding autophagic tumour suppressor, UVRAG, interacts with the class C Vps complex, a key component of the endosomal fusion machinery. This interaction stimulates Rab7 GTPase activity and autophagosome fusion with late endosomes/lysosomes, thereby enhancing delivery and degradation of autophagic cargo. Furthermore, the UVRAG-class-C-Vps complex accelerates endosome-endosome fusion, resulting in rapid degradation of endocytic cargo. Remarkably, autophagosome/endosome maturation mediated by the UVRAG-class-C-Vps complex is genetically separable from UVRAG-Beclin1-mediated autophagosome formation. This result indicates that UVRAG functions as a multivalent trafficking effector that regulates not only two important steps of autophagyautophagosome formation and maturation -but also endosomal fusion, which concomitantly promotes transport of autophagic and endocytic cargo to the degradative compartments.
Autophagy is a tightly regulated membrane rearrangement process that ensures lysosome-dependent bulk degradation of cytosolic proteins or organelles, and is highly conserved in eukaryotic cells, as seen with the endocytic pathway 1 . In response to environmental stresses, portions of cytoplasmic constituents are engulfed by a unique membrane structure, the phagophore, as it elongates to form a double-or multiple-membranebound compartment called the autophagosome. Newly synthesized autophagosomes then undergo extensive remodelling to acquire degradative capabilities. The remodelling process, also known as autophagosomal maturation, involves sequential fusion of autophagosomes with endocytic vesicles (early and late endosomes) and lysosomes, producing degradative autolysosomes. The sequestered material is then degraded into building blocks for synthesis of macromolecules and energy production [1] [2] [3] . Although the autophagic pathway has been studied extensively, little is known about the molecular mechanism underlying the conversion of autophagosome to degradative autolysosome 2 . It is generally thought that autophagosomal maturation probably has similar features as the progression of endosomes to lysosomes, a complex process that involves a number of vesicle-trafficking components [4] [5] [6] [7] [8] [9] . In fact, inhibition of lysosomal fusion by depletion of lysosomal membrane proteins or lysosomal enzymes inhibits both autophagic and endocytic degradation [10] [11] [12] . Furthermore, morphologic convergence between autophagic and endocytic pathways has been frequently observed at the 'early and late endosomes' node, as well as lysosomes in the cell [13] [14] [15] . Thus, autophagy, particularly the late stages of autophagic maturation, may interconnect with the endocytic pathway by sharing similar machinery for the concomitant lysosome fusion process.
A prerequisite for vesicle fusion is vesicle tethering. The tethering events at the yeast endosome/vacuole (equivalent to mammalian lysosomes) have been thoroughly studied and shown to require the class C vacuolar protein sorting (Vps) complex [16] [17] [18] [19] . The core class C Vps complex (hereafter referred to as C-Vps), including Vps11, Vps16, Vps18 and Vps33 exists into two configurations: the HOPS complex (for homotypic vacuole fusion and protein sorting), which contains two additional subunits (Vps39/Vam6 and Vps41), acts at the vacuole 20, 21 , whereas the class C core vacuole/endosome tethering (CORVET) complex has Vps3 (human Vps39 (hVps39) homologue) and Vps8 (Vps41 homologue) instead, and functions at the endosome Ypt-Rab GTPase and are thought to couple Rab activation and SNAREs (soluble N-ethylmaleimide-sensitive fusion protein attachment receptors) assembly during fusion 17, 22 . Although the specific function of each individual subunit remains to be established, Vps39 has been shown to confer GTPase exchange factor (GEF) activity to Ypt7p, the yeast Rab7 orthologue. In mammalian cells, hVps39 regulates the recruitment/ activation of Rab7 onto the Rab5-labelled early endosomes, a process called Rab conversion 23, 24 . Although the role of C-Vps in mammals is unclear, mutations in the Drosophila melanogaster homologues of C-Vps components induce defects in lysosomal protein transport as well as autophagosome maturation 25, 26 , suggesting that the role of C-Vps may be conserved in multicellular organisms. Previously we reported the identification of a UV-irradiationresistance-associated gene (UVRAG) as a Beclin1-interacting protein 27 . UVRAG association with Beclin1 enhances phophatidylinositol-3-OH kinase class III (PI(3)KC3) activity and induces autophagosome formation 27 . In our continuing effort to characterize the functions of UVRAG, we report here that UVRAG interacts with the C-Vps tethering complex. Independently of Beclin1, UVRAG interaction with C-Vps stimulates autophagosome maturation and endosomal fusion, thereby enhancing both autophagic and endocytic protein degradation. Thus, our study provides a mechanism for regulation of UVRAG-mediated autophagy, and it extends the function of UVRAG from an autophagy effector to an important factor in multiple membrane-trafficking events.
RESULTS

UVRAG interacts with C-Vps in vivo
Full-length UVRAG is predicted to contain an amino-terminal prolinerich (PR) region (residues 1-41) that mediates Bif-1 interaction, followed by a putative Ca
2+
-dependent phospholipid binding C2 domain (residues 42-147), a central Beclin1-binding coiled-coil domain (CCD, residues 200-269), and a carboxy-terminal region (residues 270-699) of unidentified function 27, 28 . In an attempt to identify protein(s) other than Beclin1 and Bif-1 that are important for the biological roles of UVRAG, we expressed the distinct C-terminal region of UVRAG (residues 270-699) as a GST fusion protein in 293T cells. Two cellular polypeptides with relative molecular weights of 92,000 and 103,000 (M r 92K and 103K) that specifically bound to GST-UVRAG 270-699 , but not to GST alone, were affinity purified and identified by mass spectrometry as the C-Vps proteins Vps16 (92K) and Vps11 (103K) ( Supplementary Information,  Fig. S1a ). Vps16 and Vps11 have been shown to interact physically with Vps18 and Vps33 to form C-Vps, which is required for homotypic fusion at yeast vacuoles 18, 19, 23, 29 . To confirm their interactions with UVRAG, 293T cells were transfected with Flag-UVRAG and HA-tagged Vps16, Vps18, Vps11, Vps33 or Vps39. Co-immunoprecipitation showed efficient interactions of UVRAG with Vps16, Vps18, Vps11, Vps33 or Vps39 (Fig. 1a) . Analogous results were obtained in the reciprocal co-immunoprecipitation ( Supplementary Information, Fig. S1b ). The interaction between endogenous UVRAG and Vps16, Vps11 and Vps18 was also readily detected (Fig. 1b) . Despite their apparent interactions, increasing amounts of UVRAG and Vps33 expression did not affect their interaction with Vps16 at detectable levels ( Supplementary Information,   Fig. S1 ). These findings indicate that UVRAG efficiently associates with C-Vps without affecting its subunit stoichiometry in living cells.
Subcellular localization of UVRAG and C-Vps in early endosomes
We next investigated the subcellular localization of C-Vps proteins and UVRAG. Epitope-tagged Vps16, Vps18, Vps11 and Vps33 showed punctate staining and extensive colocalization with EEA1 and p40(phox)PX-GFP, a probe for phosphatidylinositol-3-phosphate (PtdIns(3)P)-enriched early ) abolished the endosomal distribution of UVRAG, suggesting that the C2 region is probably required for directing UVRAG endosomal localization ( Supplementary Information, Fig. S2f ).
We next evaluated the spatial correlation of UVRAG and C-Vps proteins in HeLa cells. Endogenous and epitope-tagged UVRAG colocalized with Vps16 or Vps18 in a perinuclear region (Fig. 1c, d ). Furthermore, the punctate staining of UVRAG and C-Vps proteins did not co-distribute with LAMP1 and LAMP2 but colocalized extensively with EEA1 + and Rab5 + early endosomes (Fig. 1e) . These results indicate that UVRAG associates with C-Vps primarily in early endosomal compartments.
Domains of UVRAG associate with C-Vps
To map the specific domains of UVRAG required for C-Vps interaction, a series of UVRAG deletion mutants was constructed for co-immunoprecipitation (Fig. 2e) . It showed that either the C2 (UVRAG C2 ) or the C-terminal domain (UVRAG 270-CT ) alone was sufficient to bind Vps16, whereas the CCD (UVRAG CCD ) and PR region were not ( , residues 243-318). WCLs were used for GST pulldown, followed by immunoblotting with an anti-GFP antibody. The raw data of the immunoblots are shown in Supplementary Information, Fig. S6 .
residues 443-583 (UVRAG ) and residues 584-699 (UVRAG ), seemed to sufficiently interact with Vps16 (Fig. 2c, e) . Similar results were obtained for these mutants with other C-Vps subunits (data not shown). Consistently, we observed near-complete colocalization of UVRAG C2 or UVRAG 270-CT mutant with Vps16, whereas UVRAG CCD failed to colocalize with Vps16 (Fig. 2b) . To further define UVRAG interaction with Vps16, UVRAG mutants containing deletions of C2, CCD or the entire C-terminal region were constructed for binding studies. The UVRAG ∆CCD mutant bound Vps16 as efficiently as wild-type UVRAG, whereas UVRAG ∆N(1-147) and UVRAG ∆270-CT showed substantially reduced Vps16 binding (Fig. 2d ). This indicates that although the C2 or C-terminal region of UVRAG binds Vps16 sufficiently, the presence of the central Beclin1-binding CCD domain suppresses their Vps16 binding activity (Fig. 2d) . However, Beclin1 overexpression did not negatively affect the UVRAG-C-Vps interaction ( Supplementary Information, Fig. S1e) . Furthermore, both UVRAG ∆N and UVRAG ∆270-CT mutants retained efficient Beclin1-binding capability (data not shown). Thus, the weak Vps16 binding of UVRAG ∆N and UVRAG ∆270-CT mutants was probably not due to either their Beclin1 interaction or misfolding. Nevertheless, these results demonstrate that UVRAG contains two separate regions for Vps16 binding that are genetically distinct from Beclin1 interaction.
UVRAG enhances association of C-Vps with autophagosomes
Although UVRAG is part of the Beclin1-PI(3)KC3 complex for autophagy induction 27 , its direct association with autophagosomes has not yet been addressed. To this end, we expressed Flag-UVRAG, in combination with GFP-LC3, which specifically labels autophagic membranes 31 , in HeLa cells. Rapamycin treatment caused a rapid shift in GFP-LC3 staining from a diffuse cytosolic/nuclear staining to a punctate pattern outlining autophagic vacuoles in which UVRAG colocalized substantially ( Supplementary Information, Fig. S3a ). To analyse whether UVRAG affected the distribution of C-Vps when autophagy was induced, HA-Vps16 and GFP-LC3 were expressed in HeLa. Vector (HeLa.Vec) and HeLa.UVRAG cells (Fig. 3a) . More than 70% of the LC3-labelled autophagosomes colocalized with HA-Vps16 in HeLa.UVRAG cells, whereas only partial colocalization was observed in HeLa.Vec cells (Fig. 3a) . Similar results were obtained in HCT116 cells, in which UVRAG expression is much lower due to a mono-allelic frameshift mutation 32 (data not shown). In addition, small interference RNA (siRNA)-mediated depletion of UVRAG caused a significant reduction in the colocalization of GFP-LC3 with Vps16, suggesting that UVRAG expression effectively facilitates the recruitment of Vps16 onto autophagosome membranes ( Supplementary Information, Fig. S3b) . However, Vps16 depletion in HCT116 and HeLa cells stably expressing vector or UVRAG showed no discernable effect on UVRAG-mediated autophagosome formation (Fig. 3b) . These data indicate that UVRAG efficiently recruits C-Vps to LC3 + autophagosomes; but C-Vps does not appear to act on UVRAG-mediated autophagosome formation.
Autophagosome maturation in UVRAG-expressing cells
Given that C-Vps in yeast acts as a tethering factor in vesicle fusion 33 , and that mutations in Drosophila homologues of C-Vps subunits induce autophagosome maturation defects 25, 26, 34, 35 , we initially assessed the effects of UVRAG on autophagosome maturation by measuring the colocalization efficiency of GFP-LC3-labelled autophagosomes with LAMP1-stained late endosomes/lysosomes (Fig. 4a) . The percentage of LAMP1 + /LC3 + co-stained autophagosomes was significantly higher in HeLa.UVRAG than in HeLa.Vec cells, and was further enhanced by autophagy induction (Fig. 4a) . However, treatment with bafilomycin A 1 , a specific inhibitor of vacuolar H + -ATPase, blocked the UVRAG-induced autophagosome maturation (Fig. 4a) . Similar effects were observed when CD63 late endosomal protein was used as an autophagosome maturation marker (Fig. 4b) Supplementary  Information, Fig. S3c ). Additionally, LC3
+ vesicles showed higher proteolytic activity in UVRAG-expressing cells when compared with the control, as illustrated by enhanced staining with DQ-Red bovine serum albumin (BSA) whose fluorescence dequenches upon proteolysis ( Supplementary Information, Fig. S3d) . Furthermore, the proteolysis rate of long-lived proteins in HeLa.UVRAG and HCT116.UVRAG cells during starvation was significantly accelerated, compared with that in control cells, but was markedly suppressed by bafilomycin A 1 ( Fig. 4c ; data not shown). Together, these data indicate that UVRAG expression enhances autophagosome maturation or autophagic flux.
The roles of Beclin1 and C-Vps in UVRAG-mediated autophagosome maturation
As UVRAG interacts directly with Beclin1 through its CCD domain to induce autophagy, we evaluated whether Beclin1 interaction influenced UVRAG-mediated autophagosome maturation. HeLa and HCT116 cells expressing wild-type UVRAG, UVRAG ∆CCD or UVRAG CCD mutant were examined for autophagosome maturation level by measuring the colocalization efficiency of LC3 + vesicles with LAMP1 + late endosomes/ lysosomes. Consistent with our previous findings 27 , the UVRAG ∆CCD mutant, which lost Beclin1 binding, failed to induce autophagosome formation ( Fig. 5a ; Supplementary Information, Fig. S4 ). In contrast, the UVRAG ∆CCD mutant, which is able to interact with C-Vps, promoted autophagosome maturation as efficiently as wild-type UVRAG ( Fig. 5a ; Supplementary Information, Fig. S4 ). In addition, the UVRAG CCD mutant did not bind C-Vps and failed to induce autophagosome maturation ( Fig. 5a; Supplementary Information, Fig. S4 ). Moreover, siRNA-mediated knockdown of Beclin1 led to a marked reduction of UVRAG-mediated autophagosome formation, but had a minimal effect on its autophagosome maturation activity (Supplementary Information, We next determined the role of C-Vps in UVRAG-mediated autophagosome maturation. Treatment of HeLa cells with vps16 siRNA, but not with scrambled siRNA, resulted in suppression of autophagosome maturation (>30%, Fig. 5b) . A nearly identical phenotype was observed when vps18 was depleted (Fig. 5b) . To further illustrate the functional significance of the UVRAG-Vps16 interaction in UVRAG-mediated autophagosome maturation, we constructed a UVRAG mutant with the specific deletion of its C2 region (residues 42-147, UVRAG ∆C2(42-147) ), which substantially lost Vps16 binding but retained Beclin1 binding (Fig. 2e, data not shown; ref.36 ). Although the UVRAG ∆C2(42-147) mutant retained autophagosome formation activity, its ability to promote autophagosome maturation was severely impaired, compared with wildtype UVRAG, suggesting that efficient binding to C-Vps is necessary for UVRAG to fully facilitate autophagosome maturation ( Supplementary  Information, Fig. S4 and data not shown) . Collectively, these results indicate that UVRAG facilitates autophagosome maturation through its interaction with C-Vps, which is independent of Beclin1.
Autophagosome recruitment and activation of Rab7 by UVRAG
The completion of autophagosome maturation requires the small GTPase, Rab7 (refs 9, 36). To further understand how UVRAG-C-Vps interaction promotes autophagosome maturation, we evaluated the intracellular distribution and GTPase activity of Rab7 when UVRAG was expressed. Both GFP-Rab7 and RFP-LC3 showed punctate staining in the cytoplasm; however, UVRAG-expressing cells showed an approximately 2-fold increase in colocalization of GFP-Rab7 and RFP-LC3 + autophagosomes, compared with the control; this further increased up to 70% when autophagy was induced (Fig. 6a) . A most noticeable feature in cells expressing UVRAG was that GFP-Rab7 was often present as large, ringshaped vesicles surrounding the RFP-LC3 + autophagosomes. The 'swollen' morphology of GFP-Rab7 + vesicles observed in UVRAG-expressing cells was similar to that observed in cells expressing a constitutively active Rab7Q67L mutant (data not shown). Indeed, Rab7 GTPase activity was substantially higher with UVRAG expression than with vector or Vps16-binding deficient UVRAG ∆N(1-147) mutant expression (Fig. 6b) . Previous studies 37, 38 indicate that Rab7 activation leads to efficient recruitment of its downstream effector RILP (Rab7-interacting lysosomal protein); the GTP-bound, active form of Rab7 interacts specifically with the Rab7-binding domain (RBD) of RILP. To further substantiate UVRAGmediated Rab7 activation, a mammalian GST-RILP RBD fusion protein containing the RBD of RILP was tested for Rab7 interaction in HCT116. vec, HCT116.UVRAG cells or HCT116.UVRAG ∆N(1-147) cells. It showed that GST-RILP RBD interaction with Rab7 in HCT116.UVRAG cells was significantly higher than in vector-expressing or mutant cells (Fig. 6c) . These data indicate that UVRAG-C-Vps interaction promotes efficient autophagosome recruitment and activation of Rab7 GTPase, which may in part facilitate autophagosome maturation.
UVRAG enhances endocytic trafficking
Given that the autophagic pathway converges on the endocytic pathway at the endosome node for lysosome-dependent degradation [13] [14] [15] , we hypothesized that UVRAG is functionally linked to endocytic processes through its interaction with C-Vps. To test this, we examined the effect of UVRAG expression on epidermal growth factor (EGF)-stimulated endocytic transport to lysosomes in HCT116 cells. When stimulated, comparable amounts of fluorescent EGF were initially bound on the surface of HCT116.vec and HCT116.UVRAG cells (Fig. 7a) . At 15 min post-stimulation, EGF was found in small punctate structures dispersed throughout the cytoplasm in HCT116.Vec, whereas in HCT116.UVRAG cells it was present as cytoplasmic aggregates that were extensively costained with LAMP1 (Fig. 7a) . This difference became more evident at 30 min post-stimulation: essentially, most or all EGF accumulated in the juxtanuclear LAMP1 + lysosomal compartments in HCT116.UVRAG cells (Fig. 7a) . Notably, the amount of internalized EGF was similar for vector-and UVRAG-expressing cells ( Supplementary Information, Fig. S5a) . Consistent with this notion, HCT116.UVRAG cells showed a marked increase in the rate of EGF receptor (EGFR) degradation, compared with HCT116.UVRAG ∆N(1-147) or HCT116.vec, whereas UVRAG depletion reduced EGFR degradation in HeLa cells ( Fig. 7b; Supplementary  Information, Fig. S5b ). To further comfirm this, we measured the kinetics of endocytic DQ-Green BSA processing in macrophage RAW264.7 cells stably expressing vector or UVRAG. Consistently, UVRAG overexpression accelerated the DQ-Green BSA degradation rate without affecting the total amount of internalized BSA ( Fig. 7c ; data not shown). Overall, these findings indicate that UVRAG accelerates the intracellular trafficking of endocytic cargo to late endosomes/lysosomes for subsequent degradation, and that this UVRAG activity requires interaction with C-Vps.
UVRAG promotes endosomal fusion in vitro and in vivo
We next investigated whether the stimulation of endocytic trafficking induced by UVRAG-C-Vps interaction was due to increased endosomal fusion. To test this, we first used a sensitive fluorometric endosome fusion approach in living cells, taking advantage of the irreversible fluorescence enhancement (>15-fold) of Oregon green 514-conjugated avidin when avidin-labelled endosomes fuse with biotin-labelled endosomes in vivo. In this assay, RAW264.7.Vec and RAW264.7.UVRAG cells were pulse-labelled with fluorescent avidin and biotinylated-BSA sequentially. The fluid-phase marker Alexa Fluor 568-dextran was used as an internal control for endocytosis. The ability of biotin-labelled endosomes to fuse with avidin-labelled endosomes was quantified and normalized with the internalized dextran. A greater fraction of endosomes in UVRAG-expressing cells carried bright green fluorescence, compared with the control (Fig. 7d) , suggesting that UVRAG expression enhances endosome-endosome fusion in vivo. The in vitro endosome fusion assay using avidin-conjugated alkaline phosphatase (avidin-ALP)-labelled and biotinylated rabbit immunoglobulin (IgGbiotin)-labelled endosomes in an ATP-regenerating versus ATP-depletion system was also conducted. UVRAG expression increased ATP-dependent endosomal fusion activity by approximately 20% (see Supplementary  Information, Fig. S5c ). These results indicate that UVRAG-C-Vps interaction stimulates endosome-endosome fusion, resulting in rapid endocytic trafficking and degradation of cargo molecules in lysosomes.
DISCUSSION
Here, we have demonstrated that UVRAG, a Beclin1-binding protein, also interacts with C-Vps and that this interaction promotes autophagosome maturation as well as endocytic vesicle trafficking. Several results indicate that the effect mediated by UVRAG-C-Vps interaction is largely separable from that mediated by the UVRAG-Beclin1 interaction. First, the domain of UVRAG required for Vps16 binding is genetically distinct from that required for Beclin1 binding. In fact, Beclin1 does not compete with C-Vps for binding UVRAG. Second, it has been reported that endogenous Beclin1-PI(3)KC3 localizes predominantly to the trans-Golgi network 39 , whereas C-Vps proteins are largely endosome-associated 29, 40, 41 . Third, although UVRAG recruits C-Vps into autophagosomes when autophagy is induced, the recruited C-Vps proteins do not accordingly enhance UVRAG-mediated autophagosome formation, which is dependent primarily on Beclin1 activity 27 . These observations are also consistent with previous findings that mutations in yeast Vps33 and Vps18 still allow autophagosome formation; but block their fusion with vacuoles 42, 43 . Finally, a UVRAG mutant that was defective in Beclin1 binding but retained C-Vps interaction was able to mediate efficient assembly of the LC3 + and LAMP1 + structures. In contrast, a UVRAG mutant that was unable to bind C-Vps, but was able to bind Beclin1, showed markedly attenuated ability to promote autophagosome maturation. These results indicate that the role of UVRAG-C-Vps interaction is clearly different from UVRAG-Beclin1 interaction in the autophagy pathway.
Our data thus indicate that UVRAG is involved in the two distinct steps of the autophagic pathway (Fig. 8) . At an early stage, UVRAG interacts with Beclin1 and this interaction promotes autophagosome formation. During the later stages, through binding to C-Vps, UVRAG promotes autophagosome fusion with endosome/lysosome, resulting in the rapid turnover of autophagic cargo. An important question that arises is why UVRAG uses two separate mechanisms to regulate the autophagy pathway. The sequential transport of autophagic cargo from autophagosomes to late endosomes/lysosomes suggests the necessity of regulatory mechanisms to coordinate the transition between neighbouring membrane compartments. In this context, UVRAG may induce coupling between the Beclin1-positive autophagosomes and C-Vps-positive endosomes/lysosomes to ensure the sequential transport and dynamic equilibrium of autophagic membranes.
Given the activity of C-Vps in endosomal transport, the presence of UVRAG and C-Vps in the same vesicular structures may also be related to the coordinated activity of UVRAG in endocytic trafficking. Indeed, UVRAG in conjunction with C-Vps accelerated the late stage of endocytic trafficking of EGF ligand and the degradation of EGFR. As C-Vps proteins regulate conversion of Rab5 to Rab7 through its GEF activity on Rab7 24 , it is conceivable that UVRAG-C-Vps interaction may stimulate GDP/GTP exchange on Rab7 to promote the transition from Rab5-to -Rab7-positive membrane domains. This notion is supported by our observation that UVRAG expression robustly activates Rab7 GTPase activity and promotes endosomal fusion in vitro and in vivo. It is possible, however, that other effectors that may function synergistically or in parallel with C-Vps are also involved in this UVRAG action. Nevertheless, this activity of UVRAG suggests that the molecular machineries involved in the autophagic and endocytic trafficking are closely interconnected and intimately coordinated (Fig. 8) . UVRAG, as a trafficking effector, targets the two independent trafficking complexes, Beclin1-PI(3)KC3 and C-Vps, to fulfill its dual roles in the autophagy and endocytic trafficking pathways.
METHODS
Autophagy analysis. Autophagy was induced by starvation or rapamycin treatment. For starvation, cells were washed three times with PBS and incubated in Hank's solution or Earle's balanced salts solution (EBSS; Gibco-BRL) for 2-4 h at 37 °C. For rapamycin treatment, cells were cultured in DMEM containing 1% FBS and rapamycin (2 µM; Sigma) for 2-4 h.
Autophagic protein degradation assay. Degradation of long-lived proteins was measured according to a standard protocol 44 . Cells cultured in 6-well plates were labelled for 16-18 h at 37 °C with l-3 H Leu (1 µC ml -1 ; PerkinElmer) in complete DMEM. Unincorporated radioisotope was removed by extensive washing with PBS containing a 10-fold excess of unlabelled Leu. Samples were then incubated at 37 °C either in complete medium or in starvation medium (EBSS) containing 2 mM unlabelled Leu. When required, bafilomycin A 1 (0.1 µM) was added. After incubation for 1 h, at which time short-lived proteins were degraded, the medium was replaced with the appropriate fresh medium and incubated for additional time as indicated in Fig. 4c . The culture medium was precipitated with 10% trichloroacetic acid (TCA) at 4 °C for 1 h, and TCA-soluble radioactivity was measured by scintillation counting. Total cellular radioactivity was measured after lysing with 0.1 N NaOH. The rate of l-3 H Leu release was calculated as a percentage of the radioactivity in the TCA-soluble supernatant to the total cellular radioactivity for each time point.
RNAi. All siRNAs were produced by Dharmacon Research. An siRNA specific for human Vps16 (5'-AGCCACAUCCUCAUCUGAGACAUCCUU-3'), Vps18 (5'-AGGCUCAUGCACAGCUGAUUGCUGG-3'), Beclin1 (5'-AAGAUCCUG-GACCGUGUCACC-3') or UVRAG (5'-UCACUUGUGUAGUACUGAA-3'), or a scrambled control siRNA (5'-GCGCGCUUUGUAGGAUUCG -3') was transfected using DharmaFect reagent (Dharmacon) according to the manufacturer's protocol. At 48-72 h post-transfection, the cells were analysed for autophagosome fusion with lysosomes using confocal microscopy.
Rab7
GTPase assay. The GTPase assay was performed in vitro as described 45 . Briefly, GFP-tagged Rab7 expressed in cells was immunoprecipitated with an anti-GFP (Santa Cruz Biotechnology) antibody, washed successively with lysis buffer, GTP loading buffer (20 mM Tris-HCl at pH 8.0, 2 mM EDTA, 1 mM DTT) and then incubated for 30 min with 0.1 µM α-32 P-GTP (PerkinElmer) in 50 µl of loading buffer. Unbound α-32 P-GTP was removed by washing the immunoprecipitates three times with loading buffer. The in vitro GTP hydrolysis assay was initiated by resuspending the immunoprecipitates in reaction buffer (20 mM Tris-HCl pH 8.0, 10 mM MgCl 2 , 1 mM dithiothreitiol), and then incubating at 37 °C for 0.5-1 h. The reactions were terminated by the addition of elution buffer (0.2% SDS, 5 mM EDTA, 5 mM GTP, 5 mM GDP) followed by heating to 65 °C for 2 min. The eluted GTP and GDP were separated on polyethyleneimine (PEI) cellulose sheets (Sorbtech Chromatography) and developed in a chamber equilibrated with 0.75 M KH 2 PO4 (pH 3.5). Radiolabelled GTP and GDP were detected and quantified with a Fuji Phosphor Imager scanner.
EGF endocytosis and EGFR degradation assay. EGF coupled to Alexa Fluor 488 (Molecular Probes, Invitrogen) was used as an endocytic probe. For EGF uptake, cells plated on 8-well chamber slides were maintained in serum-free DMEM for 14-16 h at 37 °C. Cells were first washed in ice-cold PBS and then incubated on ice in uptake medium (DMEM, 2% BSA, 20 mM HEPES, pH 7.5) containing 5 µg ml -1 Alexa Fluor 488-EGF. After incubation on ice for 1 h, the cells were washed three times in ice-cold PBS to remove unbound ligand. Cells from one well were fixed to give the total amount of bound ligand and the remaining wells were transferred to a 37 °C incubator. At each indicated time point, the cells were fixed and processed for confocal microscopy. For EGFR degradation, cells cultured in 6-well plates were grown to approximately 80% confluency, washed with PBS and serum-starved overnight. EGFR endocytosis was stimulated by addition of EGF (200 ng ml -1 ; Invitrogen) in DMEM containing 20 mM HEPES and 0.2% BSA. At each time point after EGF stimulation, the cells were lysed in SDS-PAGE sample buffer, and equal amounts of the lysate were analysed by SDS-PAGE and immunoblotted with anti-EGFR antibody (1:100; Santa Cruz Biotechnology) that recognizes total EGFR.
In vivo endosome fusion assay. The in vivo endosome-labelling and fusion assay was performed as described 46 with a slight modification. Control and UVRAGexpressing cells grown on 8-well chamber slides were incubated in complete DMEM for 24 h before labelling. For the assay, the cells were washed with PBS and incubated with a combination of Alexa Fluor 568-dextran (1 mg ml -1 , as an internal control) and Oregon green 514-avidin (1 mg ml -1 ) in uptake medium (1 mM CaCl 2 , 1 mM MgCl 2 and 10 mM glucose) for 10 min at 37 °C. The cells were then briefly rinsed with PBS followed by a 30-min chase to label late endosomes. Cells were then pulse-labelled with the second probe, biotin-BSA (16 mg ml -1 ) for 10 min in the uptake medium. After labelling, the cells were washed briefly in PBS, fixed and processed for confocal microscopy. Biotin binding, which resulted from endosome fusion, caused a significant increase in the fluorescence of Oregon green Cells were then processed as described in Fig. 3a . Vps16 recruitment to LC3-labeled autophagosomes was analyzed by confocal microscopy (upper panel) and quantified as described in Fig. 3a 
